The Japan Aerospace Exploration Agency, JAXA, announced a long-term vision recently. In the vision, JAXA aims to develop hypersonic aircrafts. A pre-cooled turbojet engine has great potential as one of newly developed hypersonic airbreathing engines. We also expect the engine to be installed in space transportation vehicles in the future. For combustion test in the real flight conditions of the engines, JAXA has an experimental plan where a small test vehicle is released from a high-altitude balloon. This paper applies numerical analysis and optimization techniques to conceptual designs of the test vehicle in order to obtain the best configuration and trajectory for the flight test. The results show helpful knowledge for designing prototype vehicles.
Introduction
The Japan Aerospace Exploration Agency (JAXA) presented its long-term vision for the next 20 years in April 2005.
1) The vision includes demonstrations of hypersonic aircrafts that can cross the Pacific Ocean in 2 h at Mach 5. As there are no hypersonic engines that can propel the aircrafts at such speed, JAXA, universities, and so on are now researching and developing them. Incidentally, the hypersonic engines are expected to be used as airbreathing engines of future reusable space transportation vehicles, spaceplanes. 2, 3) A promising candidate for such engines is a precooled turbojet (PCTJ) engine. We have studied the components of the PCTJ engine, 3, 4) and our next step is to examine the engine in an actual flight environment.
We have a flight experiment where a small test vehicle is released from a high-altitude balloon. The project, ''Development of Micro-gravity Experiment System using High-altitude Balloon,'' has been overseen by Professor Hashimoto of the Institute of Space and Astronautical Science of JAXA since 2004, and is supported by the Ministry of Education, Science, Sports and Culture under Grant-in-Aid for Creative Scientific Research. In this project, a high-altitude balloon raises a capsule (hereinafter referred to as ''vehicle'') containing a microgravity experimental apparatus. The vehicle falls from high altitude to perform a long-time and low-cost microgravity experiment. However, a complete microgravity environment cannot be realized only by the freefall of the vehicle because of its drag. For the internal experimental apparatus to achieve a microgravity environment, a feature of the project is to employ a gas jet propulsion system and airbreathing engine that can generate enough thrust to counteract the drag. Another feature is to use the PCTJ engine under development as the airbreathing engine in the project. We also test the operation of the PCTJ engine in actual flight environments. Moreover, we plan a progressive experiment in which tail fins are fixed to the vehicles to increase lift. After the end of the microgravity experiment, the vehicle is pulled up by the enhanced lift and thrust to examine the engine in high-Mach flight. The vehicle finally lands by its own lift or using parachutes for recovery. This is referred to as the ''Balloon-based Operation Vehicle (BOV) Project.' ' The purpose of this study is to find the optimal flight trajectories and vehicle configurations to maximize the flight Mach number under various flight constraints of the experimental vehicles testing the PCTJ engine by falling Ó 2007 The Japan Society for Aeronautical and Space Sciences from a high-altitude balloon, and to offer information on the vehicle design. First, the paper defines two baseline vehicle configurations and obtains their fundamental flight performances by optimizing their flight trajectories along the purpose of the experiment. Next, the paper discusses the changes in vehicle configurations and flight parameters based on the above results. We then examine the changes in flight performance. These experimental vehicles fly as follows (see Fig. 3 ). 1. The vehicle hangs from a high-altitude balloon, is raised, and then separated at an altitude of 40 km.
2. A micro-gravity condition is achieved with the gas jet and the thrust of the PCTJ engine, thereby enabling a micro-gravity experiment. The vehicle holds the angle of attack constant at 0 deg.
3. The vehicle lifts the nose 40 sec after separation. 4. The vehicle conducts the flight experiment. 5. The nose of the vehicle is pulled up to decelerate to Mach 0.7, and then parachutes are opened for recovery.
The recovery method has not been clear so far. We also consider if the vehicle can land on a runway after gliding flight for recovery.
Optimization problem
Assuming that the vehicle has three-degrees-of-freedom and that the Earth is flat, equations for the motion of the vehicle are given as follows.
We define only longitudinal motion for the sake of simplification. The gravity acceleration g 0 is constant. Moreover, we neglect the change of the mass in flight because the rate of the mass of the propellant consumed by the gas jet propulsion and the PCTJ engine to the gross mass is small. In addition to computing the angle of attack , which is a control variable in this formulation, we compute the tail angle e at which the vehicle satisfies the trim condition that the pitting moment is zero. The trim condition adds an approximative rigid-body model to the simple point-mass model of the vehicle, which can analyze the flight trajectory more accurately. 5) Using a panel method, 6) we compute lift and drag coefficients from which the lift L and drag D in Eqs. (1)- (3) are calculated. Furthermore, we make a table of the thrust of the PCTJ engine in response to the Mach number and altitude. 3, 4) This study optimizes the trajectory after the end of the micro-gravity experiment. The initial condition at t ¼ 0 in the optimal trajectory is related to the state of the vehicle that completes the micro-gravity experiment in 40 sec from an altitude of 40 km. The constraint conditions in flight are as follows:
q 60 ½kPa ð 10Þ q 250 ½kPaÁdeg ð 11Þ
As a limit of driving the tails provides a maximum rate of change of the angle of attack, we constrain the derivative of the angle of attack with respect to time. Moreover, we impose 0.7 as the final Mach number Mðt f Þ in the terminal condition.
To examine the engine at the highest speed possible, we find the trajectory where the maximum Mach number is the highest in the required constraint conditions. Even if the vehicle opens parachutes or lands on a runway for recovery, the higher terminal altitude increases the possibility of recovery. This is because the vehicle capable of arriving at a high terminal altitude has excellent gliding performance. Thus, we also maximize the terminal altitude. By the way, it is preferable to minimize the parachute deployment altitude within the limits of an altitude so as to suppress the drop dispersion of the parachute recovery. That contradicts the maximization of the terminal altitude. However, we can guide the vehicle to a terminal altitude lower than the maximized one. Besides, two-stage parachutes are probably used as a recovery system. In this system, it is the altitude for second parachute deployment that strongly influences drop dispersion. First parachutes are probably opened under a low dynamic pressure condition to avoid a large opening shock. Therefore, terminal altitude maximization is appropriate for the performance index. We apply a weighting method to a multi-objective optimization problem that has the two objectives of maximum Mach number M max and terminal altitude hðt f Þ. This method combines the two objectives into a single scalar objective function using weighting coefficients. 7) We determine the ratio of the weight of the terminal altitude to that of the maximum Mach number to be 0.01. Thus, an objective function is defined as follows:
where the unit of the terminal altitude is kilometers. We confirmed that change in the weight value hardly varies optimal solutions. We employ a direct collocation method 8) as the trajectory optimization method. This method discretizes the state and control variables, motion equations and constraint conditions, which are functions of time. The trajectory optimization problem is converted into a nonlinear programming problem, which optimizes static variables independent of time. We solve the nonlinear programming problem using a sequential quadratic programming method.
7)

Optimal trajectories
Figures 4-9 show optimal trajectories of BOV 1 and BOV 2. Dynamic pressure is about 1.0 kPa at the end of the micro-gravity experiment. Such a low dynamic pressure provides little thrust of the PCTJ engine. The initial value of the angle of attack is 0 deg, and the angle increases gradually at a maximum rate of 2 deg/sec. Though rapid descent of the vehicle increases atmospheric density, engine thrust and drag, the engine thrust is not large enough to accelerate the vehicle by overcoming the drag. Therefore, after the Mach number reaches a maximum, the vehicle decelerates monotonously. After reaching the maximum Mach number, the dynamic pressure increases to 60 kPa, which is the limiting value, because the vehicle cannot obtain sufficient lift to climb. Table 1 indicates the maximum Mach numbers and terminal altitudes of BOV 1 and BOV 2. The results show BOV 2 is superior to BOV 1.
As the tail fins of BOV 1, whose area is small for the T. TSUCHIYA et al.: Small Test Vehicles for a Hypersonic Engine Using a High-Altitude Balloonweight, do not provide sufficient lift, BOV 1 descends monotonously and cannot make the terminal flight path angle positive. The angle of attack is at a maximum except for 20-30 sec, which shows BOV 1 attempting to pull up the nose. A slight decrease in the angle of attack at about 20-30 sec reduces the drag to increase the maximum Mach number. Though a further decrease in the angle of attack in this interval would accelerate the vehicle and increase the maximum Mach number, the vehicle could not satisfy the dynamic pressure limit. When the dynamic pressure exceeds 25 kPa at about 30-70 sec, the maximum angle of attack is not 10 deg but 250=q deg because the constraint condition that q must be less than 250 kPaÁdeg is influential. Therefore, even if BOV 1, whose aerodynamic force is too small, maneuvers as much as possible, it can barely satisfy the dynamic pressure limit and the terminal altitude is low. In contrast, while the tail fins of BOV 2 are identical to those of BOV 1, BOV 2 is lighter than BOV 1. Thus, the aerodynamic force of BOV 2 for the weight is larger. In the flight of BOV 2, the angle of attack at about 5-30 sec is much smaller than the limit value, which increases the maximum Mach number. Improvement in deceleration performance through shape modification makes such flight possible. The flight path angle of BOV 2 reaches approximately 25 deg. Better maneuverability increases the terminal altitude.
Change in Vehicle Configuration
We change some parameters of BOV 2, which has the better flight performance of the two baseline vehicles in the previous section, and recompute the optimal trajectories to examine the effects of the parameter changes.
Component sizes
The sizes of vehicle components that we can change in this study include the total length, fuselage radius, tail chord, tail span and sweepback angle of the tails. In this paper, we change only the fuselage radius r and the tail span b of these component sizes. The tails are similarly transformed; the tail chord changes in proportion to the tail span and neither the sweepback angle nor the airfoil are changed. The reason why we change only the fuselage radius and tail configuration is that differences in the aerodynamic forces are hardly observed when total length is changed. The previous section suggests that it is clearly preferable to shorten the total length and reduce the vehicle weight. Weight changes due to the vehicle shape modifications are estimated on the assumption that the structural weight is proportional to the wetted area of the vehicle and the weights of the internal instruments are invariable. We also consider the change in the center of gravity due to the weight change. Based on the background described above, we optimize flight trajectories of the vehicles given in combination of vehicle with large tail fins (b ¼ 0:69 [m]) moves its fins, the leading edges of the fins hit the engine. If the fins are driven without hitting the engine, the dynamic pressure limit cannot be satisfied.
The vehicles that have both fat fuselages and large tails can reach high Mach numbers. Fuselage-radius expansion increases both the aerodynamic force and total weight. In this study, the increase in aerodynamic force is larger than the increase in total weight, since the weights of the engine and internal instruments, which are independent of vehicle size, account for a large amount of the total weight. As large pull-up and deceleration to avoid the dynamic pressure limit are necessary to achieve a high Mach number, such fat vehicles are optimum.
However, the maximum Mach number does not increase greatly only when changing component sizes. The reason is that the thrust of the PCTJ engine is small. Contrary to these properties, the vehicles with thin fuselages can climb to high terminal altitudes; a large tail fin to fuselage size ratio increases the terminal altitude. In order to maximize the terminal altitude, we should enlarge the tail rather than the fuselage. A large lift-to-drag ratio is required. As mentioned above, note that a vehicle which is too thin exceeds the dynamic pressure limit. The characteristics of the optimal trajectories of the vehicles in this subsection are almost the same as those of the baseline vehicle; however, the angle of attack of the vehicle with superior performance in terms of maximum Mach number from approximately 0-30 sec is smaller than that of the baseline vehicle.
Static stability
The optimal trajectories computed in the previous subsection did not include a change in static stability condition in spite of the change in component weights, and thereby have a tendency to be unstable for flight before and after reaching the maximum Mach number. From this fact, we move the center of gravity forward to obtain the static stability condition, and recompute the optimal trajectories. While the same values as in the previous subsection are substituted into the fuselage radius r and the tail span b, we place the center of gravity at the rear limit so that the vehicle can keep static stability during flight. The center of gravity is located within 60-65% of the total length from the nose tip.
The optimization results of Table 3 suggest that incorporation of the static stability condition increases the number of vehicles that cannot satisfy the dynamic pressure constraint. The maximum Mach number and the terminal altitude slightly decrease by approximately 0.05 and 1.5 km, respectively. It is difficult for a vehicle whose center of gravity is moved forward to maintain a high angle of attack because lift generated by the tails causes nosedown moment. As a result, the tail angle must be small. Therefore, the center of gravity should be placed as far back as possible. A simple rigid-body model clarified the approximate difference of the trajectory due to the change in center of gravity.
Constraint conditions
In this subsection, we change the constraint conditions, and examine the change in optimal results. The constraint conditions in flight, which probably change with component size, remained constant in the previous subsection. We compare the solutions attributed to the change in constraint conditions of the baseline vehicle, BOV 2. Table 4 shows the optimal results of the nine vehicles given in combinations of three dynamic pressure limits of 55, 60 or 65 [kPa], and three q limits of 230, 250, or 270 [kPaÁdeg]. If we relax the q or q limits, the maximum Mach number increases. In contrast, the terminal altitude increases if we relax only the q limit, which allows the angle of attack to be large. However, the reachable maximum Mach number increases only a little even if we change the constraints.
Conclusions
This paper examined the concept of a test vehicle for precooled turbojet engines using a high-altitude balloon. The optimal configurations under the required flight test The maximum Mach number increases slightly with increases in vehicle size.
To increase the terminal altitude without greatly decreasing the maximum Mach number, we should increase the tail fin to fuselage size ratio.
Reshaping changes the vehicle weight slightly, and the influence on the flight trajectory is also small.
If the center of gravity is moved forward in consideration of static stability, the flight performance deteriorates. The center of gravity should be placed as far back as possible.
Higher Mach number and terminal flights can be achieved by reconsidering the constraint conditions during flight.
Small changes in configurations and constraint conditions could not generate a great improvement in flight performance using the present examination method. The vehicle needs a larger engine and main wing in order to achieve a successful flight test with a higher Mach number. 
